The oxidation of malate, citrate, and a-ketoglutarate by cauliflower (Brassica oleacea L.) bud mitochondria was inhibited by rotenone. This inhibition was relieved upon addition of NAD+ to the medium, and ADP/O values were lowered to less than 2 when both rotenone and NAD+ were present. Dinitrophenol did not affect the relief of rotenone inhibition by exogenous NAD+.
Jerusalem artichoke mitochondria and thus was responsible for the above effect of added NAD+. Contrary to this, we suggested that a transmembrane transfer of reducing equivalents was involved, since even in the presence of NAD+ and rotenone, malate oxidation was stimulated by inorganic phosphate and inhibited by n-butyl malonate (an inhibitor of the malate/ phosphate exchange carrier on the inner membrane [ref. 4 
RESULTS
Malate and citrate were readily oxidized by cauliflower bud mitochondria, but a-ketoglutarate oxidation required the addition of ADP to the reaction mixture (Fig. 1 ). State 3 rates of oxygen uptake and respiratory control ratios associated with citrate and a-ketoglutarate oxidation were less than those observed when malate was substrate (Fig. 1) . ADP/O ratios observed with malate and citrate were close to three (2.7-2.9) but a-ketoglutarate oxidation gave ADP/O values of 3.3 to 3.6 ( Fig. 1 ). An induction period was necessary for maximal rates of a-ketoglutarate oxidation (Fig. 1C) . Similar results have been obtained by others (2, 19, 22) . The oxidation of all three substrates was inhibited by rotenone, but this inhibition was relieved to varying degrees by the addition of 1 mm NAD+ (Table I) Table II shows that ADP/O ratios and respiratory control ratios associated with citrate oxidation were lowered when NAD+ and rotenone were added to the medium. The same effect has been observed with malate oxidation (6, 7). These results suggest that transfer of reducing equivalents across the inner membrane can occur with all NAD-linked substrates under certain conditions. Alternatively, the inner membrane of these mitochondria could be permeable to pyridine nucleotides. However this does not seem likely, since the oxidation of exogenous NADH was completely insensitive to high rotenone concentrations (Fig. 2) The fact that citrate and malate oxidation were dependent on added phosphate (Fig. 2 and reference 7) also suggests that the inner membrane was intact. Table IV shows the rates of Cyt c reduction by cauliflower bud mitochondria. Both malate and succinate-Cyt c reductase activities were very low unless NAD+ was added (with malate) or the mitochondria were disrupted. In addition, the NADH-Cyt c reductase was largely insensitive to antimycin A. These results suggest that the outer membrane was also intact.
DNP uncoupled malate and citrate oxidation both in the presence and absence of exogenous NAD+ and rotenone, but did not prevent the relief of rotenone inhibition by NAD+ (Table II1 ), suggesting that this process is not dependent on a supply of energy.
DISCUSSION
The slower state 3 oxygen-uptake rates, which resulted in lower respiratory control ratios observed with citrate and aketoglutarate, probably reflect lower levels of dehydrogenase activity (15) compared with the malate system. The ADP activation of a-ketoglutarate oxidation, and the high ADP/0 values, are due to the associated substrate-level phosphorylation (2, 22) .
The fact that exogenous NAD+ relieved the rotenone inhibition of all three substrates suggests that a transmembrane transfer of reducing equivalents is involved. If the NAD+ effect was attributable to intermembrane enzyme activity (such as malic enzyme as suggested by Coleman and Palmer [6] ), then enzymes capable of oxidizing citrate and a-ketoglutarate must also be present in this outer compartment. However, there is no evidence to support this. Glyoxysomes, which are capable of oxidizing malate and reducing NAD (1 and 12) , cannot be implicated, since NAD+ relieved rotenone inhibition of a-ketoglutarate and citrate oxidation (Table I) , and glyoxysomes do not possess enzymes which can oxidize these substrates (1) .
A transfer of reducing equivalents across the inner membrane is probably involved; transport of NAD+ and NADH across this membrane is unlikely, since results with animal mitochondria have shown it to be impermeable to pyridine nucleotides (10, 18) .
It is unlikely that the inner membranes of the mitochondria used in this study were damaged, thereby allowing passage of exogenous NAD+ into the matrix because of the following: (a) The oxidation of exogenous NADH is not inhibited by rotenone at concentrations which strongly inhibit malate oxidation ( Fig. 2 and ref. 7) . (b) Malate and citrate enter via the tricarboxylate and dicarboxylate transporters on the inner membrane, and are therefore dependent on inorganic phosphate ( Fig. 2; ref. 7) . Malate oxidation was also strongly inhibited by n-butylmalonate (7), an inhibitor of the dicarboxylate transporter (4). (c) Respiratory control and ADP/O ratios were high for all substrates, indicative of tight coupling and intact membranes. (d) If the mitochondria were swollen and damaged, then one would expect their outer membranes to be broken, yet succinate-Cyt c reductase activity was very low (Table IV) . Lack of this activity has been used by Douce et al. (8) to demonstrate intactness of the outer membrane of mung bean mitochondria.
Point (a), above, indicates that NADH does not penetrate into the matrix. Points (b) and (c) show that the inner membrane is intact with respect to organic acid entry and maintenance of a high-energy state. Any damage to the inner membrane would increase the passive diffusion of organic acids and decrease respiratory control and ADP/O ratios. Point (d) demonstrates that very little damage due to swelling has occurred, since swelling results in breakage of the less flexible outer membrane. In fact, this forms the rationale behind some methods used to isolate the outer mitochondrial membrane (8) .
Hence, any pyridine nucleotide passage across the membrane would have to be via a transporter, for which there is no precedence. Whichever is transported, either reducing equivalents or nucleotide, the transfer appears to be unidirectional ([H] or NADH out; NAD+ in), since exogenous NADH oxidation is insensitive to rotenone.
We propose the existence of a transhydrogenase across the inner membrane of plant mitochondria, which is capable of transferring reducing equivalents from within the matrix to exogenous NAD+ in the intermembrane space, upon oxidation of NAD-linked substrate. The NADH thus formed in the outer compartment is oxidized via the external NADH-dehydrogenases (8) .
